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I. SUMMARY

Clouds of particles in a gas increase the ability of the system
to absorb radiant energy. The process is difficult to describe
quantitatively and there exists an urgent need for engineering data.
The objective of this project, therefore, is to provide basic infor-
mation from both theoretical analyses and experimental observations.

An apparatus was coqstructed to investigate experimentally the
absorptive properties of particle matter suspended in a flowing
solid-gas system. As nearly as possible, heat transfer to the solid-
gas system and its enclosing conduit was restricted to radiation only.
There was, nevertheless, some convective and conductive heat transfer
involving the particles, the suspending gas and the quartz conduit.
The procedure employed was to generate an aerosol at a constant rate,
expose it to a radiant field, and then to determine the heat absorbed
by it from an enthalpy balance on the system before and after expo-
sure. The energy gained by the solid-gas system from the glass conduit
carrying it was accounted for by determining the amount of heat
generated when only air was flowing and subtracting this quantity from
the result when particles were in the stream.

Preliminary measurements were made on zinc powder aerosols since
zinc was used in developing the apparatus and in establishing experi-
mental procedures. The powder consisted of spherical particles in
sizes ranging from submicron to 10 microns in diameter with a mean
diameter of 5 microns. This material, being a metal, had a low

absorptance and was useful in testing the operational capability of



the apparatus with low absorbing materials. The small particle sizes
it contained were also valuatle in developing the bag filter employed
in the powder recirculation system. Experimental data were collected
for powder flow rates of 0.13, 0.19, and 0.25 lb/min, The air flow
rate in each case was 3.22 CFM at 1 atm and 700 F. For these condi-
tions 1.6, 2.4, and 2.7 Btu/min, respectively, were absorbed by the
solid-gas system. Radiation exposure occurred in a 12:.5 inch length
of quartz conduit 0.512 inch in diameter. The energy source was at
2160° F + 10° F, and the radiation from it had to pass through one
quartz wall 1.5 millimeter thick and two walls 1.0 millimeter thick
to reach the aerosol.

Subsequent to the experiments with zine powder ferrous sulfide
was studied. Three powders were prepared in U.S. standard sieve sizes
of 30 to 4k, kl to 53, and 53 to 88 microns. FExperiments with condi-
tions the same as for the zinc were performed except that the powder
flow rates were 0.059, 0.089, 0.16, and 0.2k 1b/min. The 4k to 53
and the 53 to 88 micron fractions had absorptances linear with powder
flow rate and at 0.24 lb/min. absorbed 4.8 and 3.5 Btu/min., respectively.
For the 30 to 44 micron fraction, the relationship was linear and energy
absorptions of 3.0, 4.5, 7.7, and 10.9 Btu/min, were found.for the
successively increasing powder flow rates. The results appear to be
valid within # 0.5 Btu/min. - Work is being continued to obtain data
for still smaller particle size fractions.

For the particle-cloud absorption measurement to be generalized

by theoretical arguments it was necessary to determine the radiant heat



flux in the aerosol quartz ccnduit. A device which consisted of a

shielded and an exposed thermocouple was constructed for this purpose.
The procedure was to expose a thermocouple bead to the radiation within
the quartz tube, and to calculate the energy absorbed from a knowledge
of its temperature, the convective heat transfer coefficient to the
surrounding air, and the temperature of the free stream. From this
quantity, the view factors between the bead and the furnace walls,
and the emissive properties of the two, the intensity of the radiant
field impinging on the thermocouple can be calculated. This phase
of the work is still in progress.

Two major results are expected to be derived from the present
developments. One is the prediction and experimental verification
of the absorptivity of a particle cloud and the second is the des-
cription of the rate of heat dissipation and the associated surrounding
temperature profiles for particles being heated by radiation. With
respect to the former objective, a theoretical development is in
progress to evaluate the absorptive power of a cylindrical particle
as a function of its size, permeability to radiation, and its length-
to-diameter ratio. This-approach was taken to account for particle
size and irregularity in shape. By numerical methods theoretical
results are to be computed taking into account the distributions of
particle sizes and length-to-diameter ratios. The results are to
be compared with the experimental determinations. It is anticipated
that the results obtained in this work can be shown to be valid for
any situation where the particle diameter-to-radiation wave length is

larger than one.



Heat transfer between suspended particles and the surrounding
air was assumed to take place by the particles first gaining heat
by isotropic radiation and then dissipating it by conduction to the
air. Results for this calculation were presented in Semiannual Status
Report No. 2. These data, however, are not directly applicable to the
experimental system because an appreciable fraction of the energy
transferred to the solid-gas system occurs by convection from the wall
of the confining tube which also is heated by radiation. Consequently,

this analysis is being extended to apply to the actual case.



II. INTRODUCTION

Ciouds of particles suspended in a gas increase the ability of
the system to absork radiant energy. The process is difficult to
describe quantitatively because of its strong dependence on the geometry
of the system, the temperature and quality of the radiation source,
and, most complex of all, the intricate mechanisms of particle absorp-
tion, reflection, and scattering of electromagnetic energy. Never-
theless, there exists an urgent need for engineering data describing
the process sothat practical use may be made of the phenémena. It is
the objective of this project, therefore, to provide basic information
derived from both theoretical analyses and experimental observations.

This report presents a summary and discussion of the experimental
investigation of heat transfer to several zinc-air and ferrous sulfide-
alr systems. The present status of the theoretical analysis is

discussed and areas to be investigated are outlined.



ITI. EXPERIMENTAL INVESTIGATION

A. Equipment and Procedures

An apparatus was constructed to investigate experimentally the
absorptive properties of particle matter suspended in a flowing solid-
gas system. It was designed (1) to expose an aerosol, well characterized
as to particle shape, particle size, surface area, and concentration
to a radiant field in which convection and conduction heat effects,
except between the particles and the air, are reduced to a minimum
and, (2) to measure the energy absorbed. Exposure to a radiant field
occurs in a quartz tube through which the solid-gas systems flow. The
quartz conduit is protected from extraneous heat effects other than
radiation by its enclosure in an evacuated air space, the outer surface
of which is air-cooled. The particle cloud is generated at a constant
rate and preconditioned to a steady, known temperature. Then, after
passing through the radiant field, the cloud is cooled calorimetrically
to determine the heat absorbed. A filter mechanism removes the suspended
particles from the air and returns them to the aerosol generator for
reuse.

Reference may be made to Semiannual Status Report No. 2 for a detailed
description of the apparatus. A schematic representation, however, is
given in Figure 1 to show the location of thermocouples and other perti-

nent information as needed in presenting experimental data.

B. Materials for Study

l. Selection

Preliminary measurements were made on zinc powder aerosols since

this material was used in developing the apparatus and in establishing
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experimental procedures. This material, being a metal, has a low
absorptivity, which afforded an operational test of the apparatus
with low absorbing powders. Also, the zinc powder had an average
particle dilameter of 5 microns and was useful in testing the bag

filter with small particles.

Subsequent to the experiments with zinec powder, ferrous sulfide
was selected for study. This material was chosen because of its high
absorptivity (opposite to that of zinc), noncorrosive nature, and its
availability in lump form which could be subdivided into various size
ranges. Also, ferrous sulfide is an electrical nonconductor and hence
should have a significant absorpticn thickness, which is a highly
important parameter in the absorption of radiation by particle matter.
This material is to be the first of a series of substances possessing

varying absorption thicknesses.

2. Preparation

—_—m T e e S e 2 o
Paint PpLgmeENn’t ¢ ;

o
o

The zinc pow
the Decatur Chemical Company, Decatur, Georgia. This material was
used as received since it was for preliminary testing only. Its
particle diameter ranged from submicron to a maximum of 10 microns with
an average of about 5 microns. The particles were spherical and had
a specific surface area of 0.27 mz/gm as measured by low-temperature
nitrogen adsorption.

Ferrous sulfide, the more recent material studied, was lump form,

technical grade, from the Baker Chemical Company, Phillipsburg, New

Jersey. Preparation of it was initiated by reducing the lumps



to minus 144 U.S. standard sieve size with a mortar and pestle. The
product was then ball-milled for one hour intervals and screened until
all was less than the 88 micron screen size. Thereafter, standard
sieving was continued to yield 88 to 53, 53 to L4k, and less than Lk
micron fractions. Special screens were then employed to separate the
less than 44 micron material into Uk to 30, 30 to 20 and less than

20 micron screen size fractions.

Separation of the less than 20 micron size material is currently
in progress. Attempis made to contimue the sieving with a 10 micron
screen met with little success due to frequent plugging of the sieve.
It was found, however, that an additional fraction less than 20
microns could be obtained by sieving with silk cloth. The particles
of approximately 10 microns and less adhere to the silk threads while
the larger ones pass through. The process here takes advantage of the
triboelectric interaction between the ferrous sulfide and the silk
threads. Size distributions of less than 10 microns are to be pro-

duced by successive ball-milling and silk-screening.

3. Properties of the Ferrous Sulfide Powders

After preparation of the differently sized fractions of
ferrous sulfide powders, measurements of thelr size, surface area and
geometrical configuration were made, since these parameters are thought
to be significant in establishing the absorptive properties of the
powders. The basic measurements involved statistical determinations
of the particle geometry, and a low-temperature, nitrogen absorption

determination of the specific surface area. A minimum and a maximum



diameter were measured so as to approximate a cylinder since the
particles were irregular. It 1s anticipated that the irregularity
of the particles can be accounted for by basing the calculations on
cylinders with varying lenth-to-diameter ratios. Figure Z shows the’
measurements for a typical set of particles. Note from the figure that
d(mean) can sometimes by larger than d(max.)' The depth of the parti-
cles was assumed to be the same as the minimum visible dimension.
-Physical measurements were made both before and after the powders
were used in the heat transfer experiments to determine the extent of

changes. As expected, significant size and shape differences were

found. The results are presented in Table I and in Figures 3 through 5.

TABLE I

NITROGEN ADSORPTION SURFACE AREAS OF POWDERED MATERTALS INVESTIGATED

Surface Area, mz/gm

Use After Use

Zinc -——- 0.27

Ferrous Sulfide:

1. 53 - 88u Fraction 0.37 0.13
2. 4k - 53y Fraction 0.35 0.1k
3. 30 - 4y Fraction -- 0.23

As shown in Table I the specific surface area was reduced considerably
during the heat transfer experiments, a fact which, at first, seemed
paradoxical since the particles also experienced significant attrition

(see Figures 3 through 5). The effect, however, resulted from the

10
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capture in the bag filter of submicron particles which were present
on the surface of the large particles in the original powder. These
particles were so small they were not included in the particle size
distribution. Figure 6 is a set of photographs of the original material,
the continuously recirculated fraction and the portion permanently
retained in the bag filter. Although particle attrition was very
significant, the properties of the circulated powder fraction appeared
tc become acceptably constant afterthe first few minutes of the heat
transfer experimentation and were considered valid for theoretical
deductions.

The results of the length-to-diameter ratio determinations were
essentially the same in all instances and are typically represented
in Figure 7. It is to be noted that the distriﬁution of ratios was
independent of particle size and ranged from 1.0 to 2.2. If there
had been a dependence of.ﬁ/d on particle size, the average particle
size would have changed with.l/d instead of being constant as shown

in Figure 7.

C. Fxperimental Data

1. With Water-Cooled Calorimeter

The heat transferred to a given dispersion of powder is
determined from an energy balance on the system both with and without
powder flow. Since the principal mode of heat transfer to the aerosol
system is radiation, the difference between these two heat balances is
the energy absorbed by the particles. These energy balances were

derived by measuring the heat gain of the calorimeter coolant and the
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heat remaining with the exit aerosol. The calorimeter and the quartz
conduvit in the furnace are protected from the surroundings so that
heat transfer other than by radiation can be neglected. The calori-
meter does not serve as the primary measure of the heat content of the
aerosol, Rather it is a controlled heat sink between the furnace and
the thermocouple that measures the aerosol temperature. This length
of conduit is required to place the thermocouple beyond the effects

of the radiant field originating in the furnace and to allow sufficient
time for thermal equilibrium to be established between the particles
and the gas.

For the initial experiments, water was the coolant for the
calorimeter, and data were collected for the zinc powder and one of
the larger size fractions of the ferrous sulfide. The experimental
data for the zinc powder suspensions are presented in Table II and
the calculated heat absorption is presented graphically in Figure 8.
Table III and Figure 9 present similar data for the ferrcus sulfide.

The tabulated data for these experiments include the Lemperature
of the aerosol system and the calorimeter coolant; the air and powder
flow rates; the furnace temperature; and, finally, the calculated
enthalpy changes produced by the addition of particles tc the aerosol
system. The temperatures for the aerosol and the calorimeter coolant
are presented directly as indicated by the thermocouples as located
in Figure 1. The difference guantity, A{At), however, is a combina-
tion of two measurements, one being the temperature rise of the
calorimeter coclant when only air was flowing in the aerosol system,

and the other being the temperature with powder flow. The temperature

18
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rise of the calorimeter coolant was a temperature difference, hence

the notation, At. The difference between these two At quantities,
however, represents the temperature change of the calorimeter coolant
when particles were added to the system. The second difference was
represented by A(At). It should be noted that this quantity was in
some cases positive and in others negative, depending on whether
more or less heat was absorbed by the calorimeter when particles were
added to the system.

The enthalpy data are for tle changes of the respective systems
when particles were added to the air stream to form aercsols. For
these experiments with water as the calorimeter coolant the contribu-
tionof tlieenthalpy change was relatively large and it also resulted
from a small temperature difference between two large temperature
rises. This condition together with the high heat capacity of water
gave an appreciable uncertainty to the evaluation of this quantity.

Since data for these initial experiments exhibited wide variation

as well as a sizeable uncertainty in the heat removed by the calorimeter,

it was decided to install an additional thermocouple in the aerosol
stream and with this additional temperature measurement to make heat
balances exclusively on the aerosol systems. These measurements,
however, did not yield meaningful results because of radiation effects
on the new thermocouple. Even though the sensing element was 7 inches
within the calorimeter, it was significantly influenced by radiation
from the furnace. With no particle flow, the thermocouple received

some radiation and with increasing particle concentration received
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monatonically greater shielding and less radiation. From energy
balance calculations on the calorimeter it appeared that at low
particle concentrations too high a temperature was indicated by the
thermocouple while at the higher ones the temperature was too low.
Although the temperature measurements near the entrance of the
calorimeter did not give exact results, they were helpful in studying
the heat transfer characteristics of the calorimeter. From these
data log-mean temperature differences between the coolant and the
aerosol system were calculated. These differences were very nearly the
same both with and without powder flow. PFurther, if it is accepted
that the presence of particles increases the overall heal transfer
coefficient by about 8 per cent (1), the heat transferred (UAAT) to
the coolant in each case was essentially the same. The A(At), then,
should have been zero. Thus, it was assumed that the calorimeter
absorbed the same amount of heat with and without powder and the
enthalpy change shown for the coolant was disregarded. These are the
results shown on Figures 8 and 9 for the zinc and 53 to 83 micron
ferrous sulfide aerosols. Subsequent data with other ferrous sulfide

powders, also shown in Figure 9, support this conclusion.

2. With Air-Cooled Calorimeter

For optimum operation the calorimeter should be at approxi-
mately room temperature and thus reduce to a minimum extraneous heat

effects from the surroundings. For this purpose water would be a

(1) L. Farbar and M. J. Morley, "Heat Transfer to Flowing Gas-Solids
Mixtures in a Circular Tube,' Ind. Eng. Chem. 49, No. 7, 11L43-50
(1957).

26



better coolant due to its sizeable heat capacity. Its use is actually
a disadvantage, however, in evaluating, with acceptable precision, the
amount of energy absorbed by the water. When the water rate is suffi-
ciently high to provide stable operation the temperature differences
involved are too small to evaluate satisfactorily; and when the water
rate is reduced to give measurable temperatures, the calorimeter is
not thermally stable and too much time is required for equilibration,
To achieve better measurements and more stable operation, air
was used as the calorimeter coolant for the remaining experiments
with ferrous sulfide. The data collected under these conditions
appear to be the most reliable thus far. ‘lhe results are presented
in Tables IV and V and the calculated energies absorbed by the particle-
cloud are shown graphically in Figure 9. The absorption measurements
were reproducible within %+ 0.5 Btu/min and there was a considerable
reduction in the uncertainty of the heat removed by the calorimeter in
comparison with the experiments performed with water as the cooling

medium.

3. Without Cooling

Other experiments were conducted in which the calorimeter
was replaced with a length of well-insulated tubing and measurements
of the aerosol's temperature upon issuing from the furnace were
attempted. The tubing, as with the calorimeter, was sufficiently
long for radiation from the furnace not to affect the thermocouple
measuring the aerosol's temperature. This procedure was unsuccessful
since radiation entering the insulated portion of the aerosol conduilt
caused the temperature there to increase slowly with time and the
period required for equilibrium to be established was too long for

practical operation.
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D. Determination of Radiant Flux in Radiation Field

1. Device for Measuring Flux

A measure of the radiation flux within the aerosol system
is required if the efficiency of a particle as a radiation absorber
is to be evaluated.  This quantity, therefore, is also being measured.
The procedure employed is to expose a thermocouple bead to the radiation
within the quartz tube and to calculate the energy absorbed by it
from a knowledge of its temperature, the convective heat transfer
coefficient to the surrounding air, and the temperature of the free
stream. From this quantity, the view factors between the bead and
the furnace walls, and the emissive properties of the two, the intensity
of the radiant field can be calculated. Figure 10 is a pictorial
description of the device utilized.

A bead of 0.130 inch diameter was supported in the center of the
alr stream well away from objects significantly shading it from radia-
tion. The bead diameter was large ccmpared to the size of the supporting
thermocouple leads so their effect on its energy balance could be
neglected. The bead's diameter was accurately determined so that the
cawvective heat transfer coefficient to the surrounding air stream could
be evaluated.

A shielded thermocouple with an air intake 1.5 inches above the
exposed thermocouple measured the free-stream air temperature. Two
shields were employed, the outer of which was coqled with air being
forced through it by the main stream. The inner shield was cooled
by air drawn through it with a laboratory aspirator. An end shield,

as shown in the figure, partially covered the end of the outer shield
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so that direct radiation could not enter the inner one. The protected
thermocouple was located at the center and about the midpoint between
the ends of the shields. The temperature indicated by the shielded
thermocouple is taken to be that of the free stream air at the end of
the shield.

The tubing forming the inner shield was extended upward to provide
means for positioning the probe. Guides along its length kept the
unit centered in the quartz conduit. Leads to the protected thermo-
couple were passed through the extended tubing while those to the
exposed thermocouple were wrapped around the outside and covered with

aluminum foil to protect them from radiation.

2. Measurements

Measurements along the axis of the quartz tube were made to
obtain the exposed-thermocouple temperature and the free-stream air
temperature. The furnace was brought to an operating temperature of
2160° F #+ 10° to make these determinations, and a measured air flow
rate was established in the conduit. Then, the temperatures along
the axis of the furnace were measured at one inch intervals. At each
position a series of about 20 readings was made to give a good average
value; variations on the order of ® 6° F were recorded. The data are
presented in Tables VI and VII. The depth of the exposed thermocouple
was an integral number of inches from the top of the quartz tube while
the shielded thermocouple was offset 1.5 inches due to the arrangement
of the two thermocouples in the probe. To make the readings for the
two thermocoupleé correspond to a given position within the furnace, the
temperature profile of the shielded thermocouple had to be displaced

1.5 inches downward.
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TABLE VI

EXPERIMENTAL DATA FOR DETERMINING RADIATION F%UX WITH AIR FLOW
OF 3.22 CFM AT 1 ATM AND 70~ F

Average
a Average  Thermocouple
Position Run 1 Run 2 Run 3 Run 4 of Runs Temperature
(v ) (mv ) (mv ) (v ) (mv ) (°F)

b
Exposed Thermgcouple Temperature as
EMF with 327 F Reference Junction

2 6.16 5.66 5.68 5.77 5.82 270.0
3 8.65 7.50 7.27 8.46 7.97 346.9
4 10.24 8.16 8.20 8.97 8.89 378.6
5 9.69 8.70 8.50 8. kL 8.83 376.6
6 8.87 8.70 8.52 8.37 8.62 369.3
7 8.16 8.40 8.30 8.21 8.27 357.2
8 7.89 8.30 8.10 8.00 8.07 350.3
9 7.92 8.45 7.83 7-79 8.00 347.9
10 7.91 8.03 7.88 7.55 7.8k 342k
11 7.24 7.31 7.12 7.45 7.28 322.5
12 6.45 6.45 6.26 6.75 6.4 293.7
13 5.7 5.72 5.35 5.53 5.60 261.9
14 4.81 .77 L.50 .57 L.69 22h.5
15 -- 3.13 3.05 3.16 3.11 166.3
16 -- 1.41 1.37 1.35 1.38 9k.0
17 -- 0.65 0.68 0.62 0.65 61.9
18 - 0.46 0.4k 0.h2 0.4h 52.3
19 -- -- 0.35 0.35 0.35 L8.2
Shielded Thermocoupleb Temperature as
EMF with 320 F Reference Junction
0.5 L. 22 k.10 L.o1 L.o1 4,09 205.0
1.5 4.36 4,08 4,02 4.37 .21 209.8
2.5 4,29 L.o2 3.87 4,55 4,18 208.7
3.5 3.99 3.75 3.73 3.90 3.8k 195.3

(Continued)
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TABLE VI (Continued)

EXPERIMENTAL DATA FOR DETERMINING RADIATION F%UX WITH AIR FLOW
OF 3.22 CFM AT 1 ATM AND 70" F

Average
a Average Thermocouple
Position Run 1 Run 2 Run 3 Run 4 of Runs Temperature

(mv ) (mv ) (v ) (mv) (mv ) (°F)

Shielded Thermgcoupleb Temperature as
EMF with 327 F Reference Junction

k.5 4.00 3.70 3.48 4.00 3.79 193.3
5.5 3.85 3.57 3.34 3.64 3.60 185.8
6.5 3.25 3.46 3.25 3.33 3.32 17h.7
7.5 3.09 3.20 2.96 2.97 3.06 164.0
8.5 3.08 2.99 2.89 2.83 2.95 159.7
9.5 2.75 2.87 2.67 2.63 2.73 150.7
10.5 2.25 2.40 2.21 2.36 2.31 133.3
11.5 1.87 1.90 1.95 2.08 1.95 118.3
12.5 1.61 1.56 1.55 1.72 1.61 104.1
13.5 -- 1.23 1.21 1.30 1.25 88.0
1k.5 -- 0.96 0.95 0.95 0.95 75.3
15.5 -- 0.65 0.62 0.59 0.62 60.0
16.5 - 0.43 0.41 0.38 0.41 50.9
17.5 -- -- 0.35 0.35 0.35 48.2

(a) 1Inches from top of quartz conduit; fummace extremities were at
3 inches and 15.5 inches.
(v) Copper-constantan thermocouple
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TABLE VII

EXPERIMENTAL DATA FOR DETERMINING RADIATION FLUX WITH AIR FLOW

4.48 CFM AT 1 ATM AND 70° F

38

Average
a Average Thermocouple
Position Run 1 Run 2 Run 3 of Runs Temperature
- (mv) (mv) () () (°F)
Exposed Thermgcouplea Temperature as
EMF with 32~ F Reference Junction
2 4. 4o 4. .52 4.s5 L. 4o 220.7
3 6.41 6.4h 6.42 6.42 291.9
L 6.91 6.97 7.22 7.03 313.8
5 6.69 7.02 7.07 6.93 310.3
6 6.59 6.48 6.71 6.59 298.1
7 6.42 6.40 6.47 6.43 292.2
8 6.29 6.30 6.26 6.28 286.8
9 6.25 6.15 6.0k 6.15 282.1
10 6.06 6.12 6.07 6.08 279.6
11 5.55 6.08 5.87 5.83 270. 4
12 5.09 5.47 5.20 5.25 248.9
13 k. 4o L.60 bohh 4,48 220.0
14 4.38 3.87 3.75 %.00 201.6
15 3.68 2.82 2.57 3.02 162.3
16 2.54 1.12 1.14 1.60 103.4
17 1.15 0.55 0.50 0.73 75.5
18 0.54 0.39 0.37 0.56 57.7
19 0.k2 - -- 0.k42 51.k4
Shielded Thermocoupleb Temperature as
EMF with 32° F Reference Junction
0.5 3.16 3.0k 3.05 3.08 16L.9
1.5 3.32 3.35 3.30 3.32 177
2.5 3.34 3.55 3.64 3.50 181.8
(Continued)



TABLE VII (Continued)

EXPERIMENTAL DATA FOR DETERMINING RADIATION FLUX WITH AIR FLOW OF
4.48 CFM AT 1 ATM AND 70° F

Average
Average Thermocouple
Position™ Run 1 Run 2 Run 3 of Runs Temperature
- (mv) (mv) (mv) {mv) (°F)
Shielded Thermgcoupleb Temperature as
EMF with 32~ F Reference Junction

3.5 2.95 3.47 3.10 3.17 168.6
k.5 2.84 3.13 2.95 2.97 160.4
5.5 2.71 2.67 2.72 2.70 149.3
£.5 2.51 2.39 2.33 2.41 137.4
7.5 2.33 2.19 2.15 2.22 129.6
8.5 2.29 2.14 2.09 2.17 127.6
9.5 2.15 1.95 1.90 2.00 120.2
10.5 1.71 1.80 1.85 1.79 111.5
11.5 1.46 1.77 1.65 1.63 10k.7
12.5 1.49 1.38 1.2k4 1.37 93.6
13.5 1.23 1.02 0.94 1.06 80.6
14.5 0.97 0.76 0.73 c.82 £9.5
15.5 0.77 0.52 0.48 0.59 59.1
16.5 0.54 0.35 0.3k4 0.41 50.9
17.5 0.40 -- -- 0.4%0 50.5

[\
ct

(a) 1Inches from top of quartz conduit, furnace extremities were
3 inches and 15.5 inches.
A{b) Copper constantan thermocouple
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Since the results of the experiment were directly influenced
by the exact evaluation of the convective heat transfer coefficient
from the exposed thermocouple and this, in turn, was significantly a
function of the flow rate, data for two different flow rates were
ccllected. The accuracy in evaluating the required heat transfer
coefficient can, therefore, be judged. PFurther, multiple sets of
data were taken to study the reproducibility of the experimental

procedures.

3. Calculated Results

The exposed thermocouple assumed a temperature so that the
absorption of radiation by the bead was equal to the heat loss by

convection. Thus,

heA-At

o
i
O@
]

The heat flux, then, was
q =qc=h°At

Further, since this heat flux was the absorbed portion of the radiation
impinging on the thermocouple bead, the radiation intensity of the
field can be determined.

Before beginning the calculations, the temperature of the exposed
and the shielded thermocouple were arranged according to position within
the furnace as shown in Tables VIII and IX. Then, at each position,
the flow rate of the air was adjusted to compensate far the changing

temperatures along the axis of the quartz tube. Other properties of
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TABLE VIII

CALCULATED HEAT ABSORBED BY RADIATION gITH AIR FLOW OF
3.22 CFM AT 1 ATM AND 70" F

Axial Heat Transfer
Distance Free Exposed Coefficient
From Top Air Stream Thermocouple for Exposed Net
of Furnace Temperature Temperature Thermocouple Heat Flux
(in) (°F) (OF) (Btu/hr £t2O0F) (Btu/hr £t2)
0 205. 345 44,3 6210
1 197 379 Lh.1 8030
2 189 377 43.9 8250
3 179 368 43.5 8250
L 169 358 43.0 8130
5 162 350 L42.8 8050
6 154 347 k2.6 8230
7 141 342 42.1 8460
8 127 323 4i.5 8140
9 111 299 hi.a 7730
10 96 26k Lo.s 6800
11 81 232 39.8 5650
12 67 166 39.4 3900
12.5 60 128 39.1 2660
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TABLE IX

CALCULATED HEAT ABSORBED BY RADIATION WITH AIR FLOW OF
4,48 CFM AT 1 AT™ AND 70° F

Axial Heat Transfer
Distance Free Exposed Coefficient
From Top Air Stream Thermocouple for Exposed Net
of Furnace Temperature Temperature Thermocouple Heat Flux
(in) (OF) {OF) (Btu/hr £t2°F) (Btu/hr ftZ)
0 178 292 50.5 5760
1 165 31k 50.2 T480
2 153 309 k9.5 7720
3 141 298 50.0 7690
L 132 290 L8.6 7670
5 128 285 48. 4 7600
6 125 282 48.2 7570
7 119 279 L8.0 7680
8 109 272 L7.6 7750
9 98 258 k7.1 7530
10 86 232 46.7 6820
11 Th 200 46.2 5820
12 3N 163 45.7 4530
12.5 59 132 bs5.5 3320
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the systém including the varying physical properties of the air and
the characteristic Reynolds and Nusselt numbers were calculated.
With these data and the heat transfer correlations presented by Bird,
Stewart, and Iightfoot (2) for spheres suspended in a flowing gas,
the average heat transfer coefficient, h, was evaluated. Finally,
this quantity multiplied by the temperature difference, At, yielded
the heat flux absorbed by the thermocouple bead.

The results are not final since the abscrptivity of the thermo-
couple, needed in the calculation of the impinging radiation intemnsity,
has not yet been determined. Experiments, however, are presently
being planned to accomplish this. Although the absorptivity of the bead
is not presently known, the data do show the variation of radiation
intensity within the field. It is low at the bottom of the furnace
as would be expected since the wall temperatures there are the lowest.
The maximum intensity is at the center of the furnace because there the
view factors and furnace temperature are largest. The intensity at
the top of the furnace is approximately 75 per cent of the maximum.

Tc account for these variations in radiation intensity on the absorptance
of the aerosols investigated it will be necessary to compute the resi-
dence time of the aeroscl as a function of position within the furnace
and to integrate the exposure rate along the furnace to yield a total

exposure.

(2) R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena,
John Wiley and Sons, Inc., New York, 1960, p. 409,

k3



IV. ANATYSIS

A. FExperimental Precision and Reproducibiliity

The results presented in this report have varying precision limits
since many of the experiments were performed to develop a procedure
that would yileld the best possible results with the existing equipment.
In this regard intensive effort was devoted to the accurate assessment
of the energy absorbed by the calorimeter coolant for a basic and
readily apparent error was incurred in this determination. Initially
there was an uncertainty of about * 3.0 Btu/min when water was the
coolant. later measurements were much improved; air serving as the
calorimeter cooclant reduced the uncertainty to # 0.1 Btu/min.

Additional variations resulted from the adhesion of particles to
the quartz conduit wall, thus changing the effective intensity of the
radiant field. It is believed that this phenomena was the basic
factor in the unaccountable variations in the experimental results,
which at times manged as high as % 0.5 Btu/min and constituted the
principal experimental uncertainty. Certain other factors affected

the operation, but, over the time interval of a complete run, were

established by experimental observation to have only a small net effect.

Such factors included the powder flow rate, furnace temperature and
air flow rate. These latter variables were under constant surveilance
to insure operational stability.

Prevailing fluctuations in the furnace temperature and the air
flow rate did not produce significant variations in experimental
measurements. Instantaneous changes in the powder flow rate, on the

other hand, gave readily detectable effects. Figure 11 shows the
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The Variation of Powder Concentration as Indicated
by Light Scattering Device and the Corresponding
Fluctuations of Aerosol Temperature Measured at
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variation of concentration with time andrthe resulting particle-

cloud temperatures measured at the exit from the calorimeter. The
variation in concentration represented is not known exactly, although

it appears to be within about 2 per cent. Direct sampling showed

that the maximum variation over an extended time interval never exceeded
* 5 per cent. The amplitudes of the temperature changes are shown in
Figure 11. The periodic fluctuations were caused by the rotation
mechanism within the aerosol generator, and were of different fre-
quencies for each level of powder concentration since the powder output

was changed by variation of the aerosol generator speed.

B. Heat Absorbed by Particle Cloud Systems

Heat can enter the particle cloud system by four processes:
(1) radiation to the particles, (2) radiation to the glass conduit
conveying tne aerosol, (3) conduction and convection at the end of
the quartz conduit where it is not protected by a vacuum jacket, and
(4) radiation to particles adhering to the quartz walls in the furnace.
Except for the heat absorbed by the particle cloud, the heat gained
by the particle-gas system was nearly constant at 10 Btu/min and was
principally due to radiation absorbed by the glass. Heat conveyed to
the system by end effects was not determined though it was held to a
minimum by protecting the ends as much as possible from radiation and
from surrounding high temperature gases. To show that end effects
were not major factors, a temperature distribution along the guartz
tube was made. As shown in Figure 12 there was not a significant
discontinuity in the gas temperature near the ends. The constantly

rising temperature shown was due to radiation received by the glass.
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Such were the conditicns under which the absorptance of particle-
clouds have been measured. It would be desired to have no heat gain
by the system other than from absorption by the cloud. This, however,
cannot be achieved since any quartz wall, however thin, would absorb
radiation to some extent and there would always be some absorbing
particles adhering to the wall. The effect of the ideal system,
nevertheless, can be calculated from the data on the present system.

Figure 13 presents the theoretical temperature rise that would
occur in the particle-gas systems, if they were receiving radiant absorp-

tance from the particles only. Thus,

Q

abs

+
(Mcp)parts (Mcp)air

It may be noted that although the cloud absorptance may be essentlally
linearly dependent on particle concentration (for example, see Figure 10),

the temperature rise as a function of concentration is nonlinear and

Uis
Us

approaches the asymptotic value rﬁé—j————— . This ultimate temperature
p’parts

rise cannot be attained physically, however, because particle shading

would, for any powder, retard the linear dependence of heat absorbed

on concentration. The concept, nevertheless, is useful in evaluating

the ability of an aerosol to heat itself by the absorption of radiation.

For the curves in Figure 13, the aysmptotic wvalues are 3OOo F for the

30 - 44 micron ferrous sulfide, 118° F for the 44 - 53 micron ferrous

sulfide, 178° F for zinc and "(8O F for the 53 - 88 micron ferrous sulfide.

The temperature rise can be made larger only by increasing Qabs which,

in turn, is a function of furnace temperature, particle size, material,
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and concentration. Higher source temperatures increase the radiant
flux and hence the absorptance. Decreasing particle size increases
the absorptance as long as the particles are large enough to remain
opaque, and radiation scattering does not become dominant in the
particle radiation extinction coefficient; thereafter the absorptance
can decrease {an analysis of this variable is presently in progress).
Increasing the particle concentration raises the absorptance until
particle shading becomes dominant; then, the absorptance may rise
further or remain essentially constant, depending on the size and
reflective properties of the particles and on the geometry of the
system. As shown in Figure 9 the absorptance of ferrous sulfide
aerosolis increased throughout the concentration range studied. The
zinc particle clouds (Figure 8) were reaching a maximum at the upper

concentratior levels.

C. Significance of Data

Two major results are expected to be derived from the present
developments. One is the prediction and experimental verification of
the absorptivity of a particle cloud and the second is a description
of the rate of heat dissipation and the associated surrounding temper-
ature profiles for particlesbeing heated by radiation. With respect
to the former obJjective; particle radiation properties are extremely
complicated functions of material, size, shape, surface properties,
and radiation source; the exact treatment is not feasible due to the
irregularity in shape and size of the particle comprising the cloud.
The approach, then, is to measure certain particle dimensions so that
the average for a large number of particles would be descriptive for

radiation calculations. A theoretical development of this type is
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presently being pursued to treat the particles as cylinders so that
the irregularity of the particles, at least to some degree, can be
considered.

-According to the Mie theory and calculations by Van de Hulst (3),
there are three domains of particle dimensions and radiation wave
lengths to be considered. These domains are expressed as ratios of
particle diameter to radiation wave length: ratios less than one,
approximately one, and greater than one. Presently, the greater-
than-one domain is being considered, the particles ranging in diameter
from 100 to 5 microns. Future work will consider particles smaller
than 5 microns. The thermal radiation of the present furnace is
predominately in the 1 to 3 micron range; hence, the particles are
considerably larger than the wave length. Indications are that situa-
tions of this type can be treated reasonably accurately by the ordinary
laws of optics. It is being attempted, therefore, to employ these
principles together with an assumed particle geometry and trans-
missivity constant to develop a correlation for particles larger
than the wave length of the impinging radiation.

The utility of this approach is that the correlations derived
here will be applicable to other systems where smaller particles and
higher temperatures are employed, a condition more likely to be
encountered in practical problems involving radiation. For higher
temperatures on the order of SO,OOOo R, the peak radiation intensity
is at a wave length of 0.1 micron and most of the radiation is less

than 0.2 micron. Thus, particles of sizes as low as about one micron

(3) H. C. Van De Hulst, Light Scattering by Small Particles, John
Wiley and Sons, Inc., New York, 1957.
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( % > 5 > exposed to this radiation experience effecte similar to
theose presently being studied. Moreover, small particles, which are not
good electrical conductors, are to a large extent transparent, a condition
also being included in this ZInvestigation. Because of the deagglomeration
problems of the smaller particles and the inaccessibility of the higher
temperature in an experimental apparatus, it is impractical to obtain
da*a, particularly reliiable data, for the more exctic systems. The
analogous systems being studied, however, can be readily deagglomerated
and more reliably investigated.

Approximate aumerical solutions have been presented previously (A)
for predicting the particle and associated surrounding air temperature
prcfiles for particles being heated by radiation. Due to the approximate
nature of the solutions and the difficulty of applying them to the
present investigation, a simpler approach has been undertaken. This
analysis assumes quasi-steady state behavior and yields closed form
solutions for both the particle and surrounding average air temperatures
as functions of the pertinent system parameters. These results are
for the case of all heat transfer being by radiation to the particiles
and then by conduction from the particles to the gas. Charts have been
prepared for this case. It was hoped that the case analyzed would be
applicable to the experimental system. However, as discussed previously,
experiments indicated that an appreciable fraction of the energy trans-
ferred to the gas-particle system was by convection from the wall of the
confining tube. Consequently, the analysis is being extended to apply

tc the actual case. All of these results will be presented later.

(4) A. McAlister, H. C. Ward, C. Orr, Jr., Heat Transfer to a Gas Con-
taining a Cloud of Particles, Semiannual Status Report No. 2, Project
No. A-635, Engineering Experiment Station of the Georgia Institute
of Technology, Atlanta, Georgia, June 15, 1963, 35 pages.

53




V. FUTURE WORK

Future experimental work will extend the collection of data to {
include a spectrum of powders having different absorption characteris-
tics. Particular attention will be given to selecting materials of
varying absorption thicknesses. These data will be employed, together
with theoretical results, to study the absorptive properties of parti-
cles having a significant part of their volume penetrated by radiation.
The theoretical work presently in progress will be continued.
This will include calculations for the absorption of particles taken
as cylinders and extension of the quasi-steady-state analysis for
particles and associated average air temperatures for the case where

both radiation and convection heat transfer mechanisms are important.
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